The catalytic asymmetric alkylation under phase-transfer conditions of various substrates (enones, a-fluoro ketones, glycineimines) promoted by chiral quaternary ammonium salts derived from cinchona alkaloids is described. A solvent-free phase-transfer catalysis is presented as well as a new type of polymer-supported phase-transfer catalyst derived from cinchona alkaloids. We present herein our contribution on the use of cinchona alkaloids in asymmetric PTC through three different reactions: 1) Michael addition onto enones, 2) construction of quaternary fluorinated carbon centers, 3) alkylation of the benzophenone imine of glycine tert-butyl ester. Both solution and solid-phase approaches were examined.
Asymmetric phase-transfer catalysis (PTC) is dominated by cinchona alkaloid derivatives, 1 a-hydroxylation of ketones. 1q We present herein our contribution on the use of cinchona alkaloids in asymmetric PTC through three different reactions: 1) Michael addition onto enones, 2) construction of quaternary fluorinated carbon centers, 3) alkylation of the benzophenone imine of glycine tert-butyl ester. Both solution and solid-phase approaches were examined.
Our interest in asymmetric PTC began during the synthesis of methyljasmonate in which the asymmetric key-step consisted of an enantioselective Michael addition of dimethyl malonate onto 2-pentylcyclohexenone. 4 The Michael adduct thus obtained was then decarboxylated in a racemization-free process (Scheme 1). This approach was selected among other possibilities, such as generating the malonate ion using chiral bases (magnesium amides or alkali alkoxides) or high pressure condensations in the presence of a chiral tertiary amine. Those two approaches were not efficient from the point of view of asymmetric synthesis, since the adducts were obtained in reasonable yields, but without any asymmetric induction.
5
A structure-enantioselectivity relationship study allowed us to select the following ammonium salts 1 and 2 derived from quinine and quinidine, respectively, as the most efficient chiral catalysts for this transformation (Figure 1 ).
Figure 1
The best conditions, both in terms of yield and enantioselectivity, required the use of mild conditions: 1) presence of a mineral base (typically potassium carbonate), 2) reaction at mild temperature (room temperature or -20 °C), 3) absence of additional solvent (an excess of dimethyl malonate was used, and eventually recovered after the reaction). In the best case, an enantiomeric excess as high as 90% was obtained. 4 Since the method was both efficient and simple, we then decided to examine the scope and limitations of this system for other Michael additions. In a first set of experiments, we verified that the conditions used were specific for dimethyl malonate. Indeed, other nucleophilic agents were used (AcCH 2 COOMe, MeSCH 2 COOMe, tert-butyl malonate, methyl-tert-butyl malonate) in the same conditions (solvent-free reaction), with none of them giving the Michael addition. In a second series of experiments, we used the same system with various electrophilic species (Table 1) .
Scheme 1
As indicated in Table 1 , the enantioselectivity was higher for the 2-pentylcyclohexenone, a result consistent with our published models for asymmetric induction. 4 In addition one can observe that moderate ee's are obtained for cyclopentenone and chalcone, with reasonable yields. By contrast, cyclohexenone failed to give high conversion, especially when a-substituted. In all cases, the pseudoenantiomeric effect was observed when switching from catalyst 1 (quinine salt) to catalyst 2 (quinidine salt).
At this stage of our research, we thought that a further useful development in the field of PTC would be the immobilisation of the catalyst on an insoluble polymeric support. 6 Indeed the immobilisation of a chiral catalyst on an insoluble polymer support offers several advantages over the use of the same catalyst in solution. The easy recovery and potential recycling of the catalyst and the greatly simplified product purification are among the main advantages of the solid-phase approach. Grafting cinchona alkaloids onto polymers would give these catalysts a new lease of life in asymmetric PTC. We have introduced new polymer-supported chiral phase-transfer catalysts possessing a spacer between the matrix and the quaternary nitrogen atom of the cinchona alkaloid in the asymmetric synthesis of a-amino acids (Figure 2 , Type I). 7 We report herein the application of these catalysts to the enantioselective alkylation of a-fluorotetralone, as well as the design and the evaluation of a second class of polymer-supported cinchona alkaloids ( Figure 2 , Type II).
We investigated the alkylation of fluorinated substrates such as 2-fluoro-1-tetralone, 8 and we compared the PTC approach with the electrophilic fluorination of 2-benzyl-1-tetralone. Recently, we have succeeded in developing a new class of electrophilic enantioselective fluorinating agents: the N-fluoro quaternary ammonium salts of cinchona alkaloids (one more contribution to the venerable history of the cinchona alkaloids!). 9 Both routes lead to the enantioselective construction of quaternary fluorinated carbon centers, which is not a trivial problem in modern synthetic organic chemistry (Scheme 2).
The benzylation reaction proceeded smoothly under PTC conditions with the aid of cinchoninium iodide linked to polystyrene with a four-carbon spacer (Type I, 4-CN). The reaction was carried out at -20 °C for 4 days with 21 equivalents of KOH, 5 equivalents of benzyl bromide and 0.1 equivalent of catalyst to afford the 2-benzyl-2-fluoro-1-tetralone in 73% yield and 62% enantiomeric excess. In the second route, enantioselective fluorination with the tetrafluoroborate of N-fluoro cinchonidinium was realised in THF at -40 °C for 24 hours yielding the 2-benzyl-2-fluoro-1-tetralone in 96% yield and 50% enantiomeric excess. Both routes led to moderate enantiomeric excesses with opposite absolute configuration at the quaternary stereogenic center. Indeed, under PTC conditions, an ionpair is formed between the cinchonine supported salt and the enolate, masking one face of the tetralone; while in the fluorination route, the fluorinating agent derived from the pseudoenantiomeric cinchonidine attacks the silyl enol ether on the other face of the tetralone.
The strategy of attaching the cinchona alkaloid onto a polymer resin through a methylene spacer provides an efficient catalyst, but enantioselectivities still need to be improved. Obviously, the methylene spacer is not as sterically hindered as that of 9-anthracenylmethyl described by Corey 1b or Lygo. 1c Thus, we thought that the enantioselectivity could be possibly improved by attaching the polystyrene matrix elsewhere than on the nitrogen; the hydroxyl function was selected for this purpose, leaving the nitrogen of the quinuclidine moiety free to be quaternarized with the aid of 9-(chloromethyl)-anthracene (Figure 2 , Type II). The sequence quaternization / grafting was preferred to the reverse one for reasons of efficiency (Scheme 3).
All four cinchona alkaloids [cinchonidine (CD), cinchonine (CN), quinidine (QD), quinine (QN)] were grafted according to this sequence, and these type II catalysts were evaluated in the alkylation of N-diphenylmethylene glycine tert-butyl ester and compared with type I catalysts (Scheme 4). The enantioselectivity was found to be strongly dependent on the alkaloid and improved when compared to type I catalysts (Table 2 ).
Scheme 4
With type I catalysts bearing a spacer, we have shown that cinchonine produced significantly higher enantiomeric excesses than other diastereomeric alkaloids, and that the four methylene spacer proved the most appropriate means of high enantioselection. It is worth noting that the pseudoenantiomeric effect was not observed with type I catalysts even if cinchonine and cinchonidine are known to behave as pseudoenantiomers, 10 in the sense that the two families normally give rise to opposite enantiomers in PTC reactions. 11 When using type II catalysts, not only the pseudoenantiomeric effect was observed, but also a strong 1c with respect to the yields and the enantiomeric excesses. The comparison of the two types of catalysts clearly indicated the superiority of the second type, which showed a better behaviour in enantioselection, since ee's were up to 94% were obtained.
In conclusion, we have shown different aspects of the use of cinchona alkaloids in asymmetric PTC. The polymersupported approach offers significant advantages and high enantioselectivities. Further developments of these and related polymer-supported catalysts are in progress. 1 
Michael Addition of Dimethyl Malonate onto Enone; General Procedure
To a solution of enone (0.66 mmol) in dimethyl malonate (2.50 mL, 20 mmol, 30 equiv), 40.2 mg of catalyst 1 (0.07 mmol, 0.11 equiv) and 12.4 mg of K 2 CO 3 (0.09 mmol, 0.14 equiv) were successively added. After magnetic stirring at -20 °C for the indicated time (see Table 1 
